The present paper investigates induced voltages to a control cable based on EMTP simulations. A simulation neglectiong mutual coupling between a control cable and a grounding mesh gives voltages on the cable core produced by a circulating current between the cable sheath and the mesh due to sheath grounding. An induced voltage from the lightning current along the grounding mesh is also investigated considering the current flowing into the soil. The effect of cable sheath grounding and a grounding lead is also discussed. Figure 1 illustrates a model circuit for investigating transient voltages and currents on a control cable. Figure 2 shows simulation results with mutual coupling between a control cable and a counterpoise. It is clear in Fig. 2(a) that only an induced voltage, about 2.5 V, due to a counterpoise current appears on the core and the sheath, because the sheath is not grounded. It is observed that the current on the sheath is nearly the same as that with no mutual coupling, and the cable voltages at the both ends are given as the sum of those with no mutual coupling and the induced voltages in Fig. 2 Based on investigations of lightning surges on a control cable incoming through a grounding mesh, the following remarks have been obtained.
The present paper investigates induced voltages to a control cable based on EMTP simulations. A simulation neglectiong mutual coupling between a control cable and a grounding mesh gives voltages on the cable core produced by a circulating current between the cable sheath and the mesh due to sheath grounding. An induced voltage from the lightning current along the grounding mesh is also investigated considering the current flowing into the soil. The effect of cable sheath grounding and a grounding lead is also discussed. Figure 1 illustrates a model circuit for investigating transient voltages and currents on a control cable. Figure 2 shows simulation results with mutual coupling between a control cable and a counterpoise. It is clear in Fig. 2 (a) that only an induced voltage, about 2.5 V, due to a counterpoise current appears on the core and the sheath, because the sheath is not grounded. It is observed that the current on the sheath is nearly the same as that with no mutual coupling, and the cable voltages at the both ends are given as the sum of those with no mutual coupling and the induced voltages in Fig. 2 Based on investigations of lightning surges on a control cable incoming through a grounding mesh, the following remarks have been obtained.
( 1 ) So-called induced voltages on a control cable is a sum of an induced voltage due to a current on a counterpoise and of a voltage transfered from the counterpoise. When the both ends of the cable are grounded, a circulating current in a closed loop composed of the Fig. 1 . A model circuit cable sheath and the counterpoise affects significantly the core voltage at the receiving end which becomes the largest among various sheath grounding.
( 2 ) When the parallel length of the control cable and the counterpoise is long, current decrease along the counterpoise should be taken into account to evaluate an induced voltage to the cable core due to mutual coupling between the cable and the counterpoise.
( 3 ) The inductance of a grounding lead reduces a current flowing into the sheath because of its high impedance for a high frequency transient. At the same time, a current flowing into the counterpoise parallel to the cable increases and the current results in a higher induced voltage to the cable core due to mutual coupling between the cable and the counterpoise. 
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The present paper has investigated the effect of sheath grounding on a control cable based on EMTP simulations, when a lightning current flows into counterpoises representing a part of a grounding mesh. Voltages and currents observed on the control cable are given as a superposition of an well-known induced voltage due to the lightning current on the counterpoise, of a voltage transferred from the counterpoise to which the cable metalic sheath is grounded, and of a lightning current circulating in a closed loop composed of the metalic sheath and the counterpoise when the cable both ends are grounded. The induced voltage from the counterpoise is not necessarily dominant even in a long cable because the current along the counterpoise decreases rapidly as the distance from the sending end increases. Although the sheath grounding decreases the node voltage due to the induced voltage, but at the same time increases a voltage transferred from the counterpoise. The inductance of a grounding lead reduces a current flowing into the cable sheath during a high frequency transient, and thus a more current flows through the counterpoise. This results in a higher induced voltage to the control cable from the counterpoise. 
Introduction
Electromagnetic interference becomes more and more significant in control circuits of generator stations and substations as the number of digital control equipments increases. A survey of failures and mulfunctions of low voltage control equipments in generator stations and substations shows that nearly 70 percents of the failures are caused by lightning surges (1) (2) . The lightning current flows into a grounding mesh in a station and it has been understood that the current causes an induced transient voltage on a control cable. Because the metalic sheath of the control cable is grounded to the mesh as recommended by a standard and a guideline for the electromagnetic interference (2) - (5) , the cable sheath voltage becomes the same as that of the grounding mesh. If the both ends of the metalic sheath are grounded following the IEC/CIGRE recommendation, a current is circulating in a closed loop composed of the cable sheath and the grounding mesh. The circulating current induces a voltage to the cable core, and the core voltage is given as a vector sum of the induced voltages from the lightning current along the grounding mesh and the circulating current. Also, the lightning current along conductors of the mesh flows into the soil and becomes a function of the length of the conductor (6) . Thus, the induced voltage to the cable is a function of the conductor length. The above fact seems not well understood, and a detailed analysis of the components, i.e. (1) the induced voltage due to mutual coupling from the lightning current along the grounding mesh, (2) the counterpoise voltage transferred to the cable sheath because of the sheath grounding, and (3) the circulating current due to sheath both-end grounding, has not been made. The reason for this is that all the measured results have involved the above components (2) (7)- (9) . The present paper investigates induced voltages to a control cable based on EMTP simulations. It is easy to evaluate the above mentioned components separately in the EMTP simulations. That is, a simulation neglecting mutual coupling between a control cable and a grounding mesh gives voltages on the cable by grounding the cable sheath to the mesh. An induced voltage from the lightning current along the grounding mesh is also investigated considering the current flowing into the soil. The effect of cable sheath grounding and a grounding lead is also discussed. Figure 1 illustrates a model circuit for investigating transient voltages and currents on a control cable. A counterpoise representing a part of a grounding mesh is buried at the depth of h g = 0.3 m from the earth surface. The counterpoise is a cupper cylinder with the outer radius of r g = 2.5 cm, and the earth resistivity is 100 Ωm. As a control cable, a 3D2 V cable, of which the cross-section and the physical parameters are given in Fig. 2 , is suspended at the height of h c = 0.1 m above the earth surface. A step-function current with the amplitude A counterpoise is represented by a model circuit illustrated in Fig. 3 which is composed of a distributed line with the surge impedance Z 0 and the propagation velocity ν 0 and a shunt admittance Y g (10) . In this paper, m and n are set to be 1 and 5 respectively. In a simulation of an induced voltage to an overhead control cable from a counterpoise, the control cable and the counterpoise are represented as a distributed parameter line in the EMTP [11] . The parameters of the line models are evaluated by the EMTP Cable Parameters (CP) [12] . First, the model system is evalated as an overhead line system by the CP with a negative sign of the depth of the counterpoise. By the input date, the CP gives self impedance/admittance of the overhead cable and the mutual impedance to the counterpoise. Then the self impedance/admittance of the counterpoise is calculated as an underground cable. Finally, the self impedance/admittance of the counterpoise in the first calculation is replaced by those in the second one. Table 1 gives simulation conditions such as grounding of the metalic sheath of a control cable, and results of maximum voltages and currents. In the table, case Xi-L j represents: node GC1 i = 0: no mutual coupling between control cable and counterpoise i = 1: mutual coupling between control cable and counterpoise L = 0: no inductance considered for a grounding lead L = 5: 5 µH for a lead wire j for grounding of metalic sheath to counterpoise j = 1: no grounding, j = 2: sending end grounded j = 3: receiving end, j = 4: both ends the voltages and currents on the control cable in the figure are caused only by connecting (grounding) the metalic sheath of the cable to the counterpoise.
Model Circuit
X = A: x = 2 [m
Simulation Results and Discussions
No voltage and no current appear on the control cable in Fig. 5(a) for there is no connection nor mutual coupling between the cable and the counterpoise. When one end of the sheath is grounded to the counterpoise, a voltage and a current appear on the grounded node. In case A0-02 (sendingend sheath to counterpoise), the sheath voltage at the sending end S1 becomes nearly the same as the counterpoise voltage of about 20 V at the grounded node G1, and the core voltage at the sending end C1 reaches 4 V as observed in Fig. 5(b)-(2) . Also, a small voltage of about 1 V is observed at the core receiving-end. The core voltages are produced by electro-static and magnetic coupling between the cable core and the sheath during an initial transient period up to about 300 ns as a small current, about 0.1 A, on the cable sheath at the sending end is observed in Fig. 5(b)-(1) during the time period. A similar trend is observed for the receivingend sheath grounded to the counterpoise (Case A0-03), that is, the sheath voltage becomes nearly the same as the counterpoise voltage at the receiving end. Small voltages appear on the both ends of the core and a very small current is observed on the sheath in Fig. 5(c) . It should be noted that the core voltages and the sheath current are much smaller than those in Case A0-02.
When the both ends of the cable sheath are grounded to the counterpoise, a large current, nearly 0.25 A which is about 30% of the current I G0 flowing into node GC1 of the counterpoise, flows into the sheath as in Fig. 5(d)-(1) , and results in nearly 5 V at the core sending end and −3.5 V at the receiving end as observed in Fig. 5(d)-(2) . The core voltages are generated by electromagnetic coupling between the sheath and the core. It should be noted that the counterpoise voltages and currents are not much affected by the sheath grounding.
In summary, grounding the metalic sheath of a control cable to a counterpoise results in a current flowing into the sheath and generating core voltages due to electromagnetic and static coupling between the cable core and the sheath. Especially the grounding of the sheath both ends to the counterpoise produces a sheath current of about 30% of the counterpoise current and the voltage propotional to the current appears on the core during the initial time period of a transient. Grounding the sending-end sheath to the counterpoise also produces a rather high voltage to the core at the sending end. Figure 6 shows the case of no mutual coupling with the parallel length x = 20 m between a control cable and a counterpoise. It is clear that currents at the sending end of the counterpoise are greater and the voltages are smaller than those in Fig. 5 for x = 2 m, because the longer counterpoise length decreases its impedance seen from the sending end. Also, the currents along the counterpoise show a smooth increasing characteristic while the voltage at the sending end takes the peak at around t = 250 ns and then converges to a certain value. The above explained characteristics of the counterpoise agree with those for measured results (6) - (9) . The sheath currents in Fig. 6 for x = 20 m show a remarkable difference from those in Fig. 5 for x = 2 m. The current in Fig. 6(a)-(1) for the sending-end sheath grounded to the counterpoise is nearly a twice of that in Fig. 5(b) - (1), and is sustained up to 160 ns corresponding a twice the propagation time of a traveling wave on the sheath from the sending end to the receiving end. Corresponding to this fact, the sendingend core voltage reaches 8 V which is about 2 times of that in Fig. 5(b) . A similar trend is observed in Fig. 6 (1) that there exists a cerculating current between the control cable sheath and the counterpoise, i.e. current S1 at the sheath sending end and current S2 at the receiving end. The sheath current produces the core voltages about 8 V at the sending end and −6 V at the receiving end which are much greater than those in Fig. 5(d)-(2) . On the contrary, the cable voltages and current in Fig. 6(b) , the receiving-end sheath connected to the counterpoise, are much lower than those in Fig. 5(c) , because the counterpoise current at the receiving end becomes much smaller due to current penetration into the earth. It should be noted that the voltage difference between the cable core and the counterpoise is large at the sending end as in Table 1 (a), but that at the receiving end becomes much smaller in comparison with the case of x = 2 m. Figure 7 shows simulation results with mutual coupling between a control cable and a counterpoise corresponding to Fig. 5 with no mutual coupling. It is clear in Fig. 7(a) that only an induced voltage, about 2.5 V, due to a counterpoise current appears on the core and the sheath, because the sheath is not grounded to the counterpoise. The polarity at the receiving end is opposite to that at the sending end as in Ref. (13) . It is observed in Fig. 7(b) that the current on the sheath is nearly the same as that in Fig. 5(b) and the core voltages at the both ends are given as the sum of those in Fig. 5(b) and the induced voltages in Fig. 7(a) .The same observation is made for Fig. 7 (c) in comparison with Fig. 5(c) . It should be noted that Fig. 7(d) is nearly the same as Fig. 5(d) . This means that the core voltage in Fig. 7(d) is generated by a circulating current between the sheath and the counterpoise, although the induced voltage, 2.5 V, by the current on the counterpoise is decreased by the both-end grounding. If the sheath is grounded to another counterpoise on which no lightning current flows, the sheath both-end grounding results in the smallest voltage on the cable core as recommended by standards and guides (2)- (5) . The recommendation is correct only in the case of no lightning current on a counterpoise to which the sheath is grounded. No significant difference is observed for the counterpoise voltages and currents between Figs. 5 and 7.
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In summary, the sending-end voltage is the largest in the sending-end and the both-end grounded cases. The receivingend voltage becomes the largest in the both-end grounded case because of a circulating current in a closed loop composed of the cable metalic sheath and the counterpoise. Thus, the receiving-end grounding is preferable than the sending and the both-end grounidng. The ovservations agree qualitatively with measured results in references (2) (7)- (9) , especially in Ref. (9) for the same 3D2 V cable. Figure 8 shows simulation results of voltages for x = 20 m. Current waveforms are not shown because those are nearly the same as Fig. 6-(1) . It is clear in Fig. 8(a) for sheath not grounded to counterpoise that the induced voltages to the core and the sheath from the counterpoise are far greater than those in Fig. 7 (a) for x = 2 m. This is reasonable because an induced voltage is propotional to the parallel length of the inducing circuit, as is well-known (13) . The length for Fig. 8 being 20 m, a 10 times greater induced voltage than that in Fig. 7 is expected if it is in a steady state, but the induced voltage at node C1 is about 2 V in Fig. 8(a) which is smaller than that in Fig. 7 . The reason for the smaller induced voltage than that expected from the theory of steady-state induction is that the inducing current on the counterpoise decreases as the distance from the sending end increases as shown in Fig. 9 . It is clear in Fig. 9 that the current along the counterpoise is decreasing exponentially as the distance increases. Furthermore, the rise time of the current, i.e. di/dt decreases rapidly. The transient induced voltage is given as: 
Effect of length x
where M: mutual inductance It sholud be clear from the above equation that the transient induced voltage decreases rapidly in propotion to the rise time decrease of the inducing current.
The core voltages in Fig. 8(b) to (d) are given as the sum of the induced voltage in Fig. 8(a) and the voltage in Fig. 6 due to the sheath grounding to the counterpoise.Thus, the sending-end core voltage reaches nearly 8 V in Fig. 8(b) and (d), and the receiving-end core voltage is about −7 V in Fig. 8(d) , and −6 V in Fig. 8(c) .
Effect of crossing counterpoises (part of a mesh)
In practice, the metalic sheath of a control cable may be grounded to a node of a grounding mesh where mesh branches, i.e. counterpoises, are connected each other as illustrated in Fig. 10 . The impedance at node G1 seen from the left in Fig. 10 (b) becomes about 1/3 of that in Fig. 10(a) on which all the previous investigations are based. The impedance variation in Fig. 10 (b) results in current distribution different from that in Fig. 10(a) , and thus, a current flowing into the cable sheath connected to node G1 differs. An example is presented in the figure. It is observed in Fig. 10 that the current flowing into the sheath is about 30% of the original current I G0 on the counterpoise when the sheath is grounded to an intermediate node of a single counterpoise as in (a), while it is less than 20% when the sheath is grounded to the mesh node as in (b). This difference certainly results in different transient voltages and currents on a control cable as shown in Table 1 .
A comparison of case D1-04 with caseA1-04 and D0-04 with A0-04 in Table 1 makes clear that the cable voltages are reduced to less than a half by grounding the sheath to the node of a grounding mesh where counterpoises are connected to each other. The result is reasonable because of smaller current flowing into the sheath (I S1 ) and that on the counterpoise to the right of node G1 (I G1 ) which is the inducing current to produce the cable voltage when the sheath is not grounded to the counterpoise.
The above result has indicated that an analysis of the induced voltage to the control cable can be carried out assuming a single counterpoise as the serverest case. Also, it should be mentioned that counterpoises which are a part of grounding mesh parallel to a control cable induces voltages on the cable. The voltage induced by the counterpoise nearest to the cable is the largest, and those due to the other counterpoises are much smaller because of the distance to the cable, and are somehow cancelled out because of the symmetrical configuration of the counterpoises to the cable. Therefore, it is expected that only the induced voltage from the nearest one is enough to be considered in the transient analysis of the induced voltage.
Effect of lead wire inductance
It is wellknown that a transient response in a circuit is significantly affected by the impedance of a lead wire used for grounding, connecting circuits and measurements (2) it is said that the grounding of the metalic sheath of a control cable may not be effective at all during a high frequency transient because of the grounding lead inductance. Figure 11 shows the effect of the grounding lead inductance assuming 1 µH/m on voltages and currents of a control cable. It is observed in Table 1 that the inductance of 5 µH, corresponding to the 5m grounding lead, reduces a current flowing into the sheath and the core voltages nearly a half for the case of no mutual coupling. However Fig. 11 with mutual coupling shows that the cable voltages are not much different from those in Fig. 8 . The reason for this is readily explained that the high impedance of the grounding lead due to the inductance decreases the current flowing into the sheath and thus the current on the counterpoise increases which induces more voltages on the cable core. Similarly to Sect. 3.2.1. the largest core voltage at the receiving end is observed when the sheath both ends are grounded. Thus, it is concluded that the receiving end grounding is prefered even when a lead wire inductance is considered.
The above observations agree with those explained in Ref. (2) that sheath grounding becomes not effective for a transient due to the inductance of a lead wire.
Core voltages to sheath and counterpoise
The previous sections concern voltages to the zero potential surface to investigate the effect of sheath grounding. In practice, a voltage difference from the core of a control cable to the sheath or to a counterpoise is used as the core voltage. Fig. 12 show the voltage difference. It is clear that the voltage difference from the core to the sheath is nearly the same as that to the counterpoise independently from the lead wire inductance. However, the voltage difference to the sheath is entirely dependent on the sheath grounding, and is greater than that to the counterpoise. The voltage difference is the greatest in the case of the sheath sending-end grounding. The receiving-end grounding shows the smallest difference. The results again suggest that the receiving-end grounding is better than the both-end grounding.
Conclusinons
Based on investigations of lightning surges on a control cable incoming through a grounding mesh, the following remarks have been obtained.
( 1 ) So-called induced voltages on a control cable is a sum of an induced voltage due to a current on a counterpoise and of a voltage transfered from the counterpoise. When the both ends of the cable are grounded, a circulating current in a closed loop composed of the cable sheath and the counterpoise affects significantly the core voltage at the receiving end which becomes the largest among various sheath grounding.
( 2 ) When the parallel length of the control cable and the counterpoise is long, current decrease along the counterpoise should be taken into account to evaluate an induced voltage to the cable core due to mutual coupling between the cable and the counterpoise. Otherwise, an excessive induced voltage due to the mutual coupling is expected.
( 3 ) A lightning current incoming into a node of a grounding mesh distributes to every branches (counterpoises) connected at the node, and thus currents flowing into the cable sheath and the counterpoise parallel to the cable become smaller. This results in smaller voltages on the cable. Thus, an analysis assuming a single counterpoise gives the severest voltage on the cable, that is on a safer side ( 4 ) The inductance of a grounding lead reduces a current flowing into the sheath because of its high impedance for a high frequency transient. At the same time, a current flowing into the counterpoise parallel to the cable increases and the current results in a higher induced voltage to the cable core due to mutual coupling between the cable and the counterpoise.
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